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Abstract
Plankton community structure and chlorophyll a
concentration were compared in twelve 0.1ha earth-
en ponds co-stocked with channel cat¢sh (Ictalurus
punctatus Ra¢nesque, 1818) in a multiple-batch cul-
ture (initial biomass55458 kg ha1) and a plankti-
vore, thread¢n shad (Dorosoma petenense Gˇther,
1867; initial biomass5449 kg ha1), during the
April^November growing season.We used a comple-
tely randomized design in a 2  2 factorial arrange-
ment to test the planktivore level (presence or
absence of thread¢n shad) and channel cat¢sh feed-
ing frequency (daily or every third day). Channel cat-
¢shwere fed a 32% protein feed to apparent satiation
on days fed. The presence of thread¢n shad a¡ected
phytoplankton and zooplankton community struc-
turemore than did feeding frequency, and the impact
in ponds was more pronounced after1 July.The num-
bers of all major groups of zooplanktonwere lower in
ponds with thread¢n shad, but were una¡ected by
the feeding frequency. Chlorophyll a concentration
before1July was higher in ponds with thread¢n shad
and una¡ected by the feeding frequency, whereas
after 1 July it was higher in ponds without thread¢n
shad and that were fed daily. Phytoplankton commu-
nity structure after1Julywas dominated by nuisance
algal bloom genera of cyanobacteria in ponds with-
out thread¢n shad and by Bacillariophyceae in ponds
with thread¢n shad.
Keywords: thread¢n shad, channel cat¢sh, phy-
toplankton, zooplankton, community structure,
chlorophyll a
Introduction
Channel cat¢sh (Ictalurus punctatusRa¢nesque,1818)
typically are fed a 28^32% protein commercially
formulated ration at rates as high as 80^
120 kg ha1day1 during the growing season.
Much of the nitrogen and phosphorus in feed con-
sumed by channel cat¢sh is excreted (Boyd 1985)
and results in high phytoplankton biomass (chloro-
phyll a5200^600mgm3; Tucker & Lloyd 1984;
Tucker & van der Ploeg1993).This summertime algal
community is often dominated byone to a few phyto-
plankton genera (Tucker & Lloyd 1984). Sudden
die-o¡ of the algal bloom and ine⁄cient oxygen pro-
duction are two problems associated with high
phytoplankton biomass (Smith 1988; Paerl & Tucker
1995). Phytoplankton biomass in cat¢sh ponds is
generally unmanaged except where copper sulphate
(an algicide) or diuron (a herbicide) is applied periodi-
cally to manage the incidence of o¡-£avour in ¢sh,
but neither chemical reduces phytoplankton biomass
consistently during the summer months (Tucker,
Hanson & Kingsbury 2001; Zimba, Tucker, Mischke
& Grimm 2002).
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Cyanobacteria often dominate the phytoplankton
community in cat¢sh ponds during the summer
months, and several cyanobacterial genera are re-
sponsible for the noxious algal blooms that occur
(Paerl & Tucker1995). Additionally, there is a geogra-
phical variation in phytoplankton community struc-
ture thought to be caused by di¡erences in source
water quality (Hariyadi,Tucker, Steeby, van der Ploeg
& Boyd1994). Chlorophyta and cyanobacteria are ap-
proximatelyco-dominant and comprise about 90% of
the algal population in cat¢sh ponds at Auburn, Ala-
bama, during the summerand Boyd (1973) noted that
algal populations were more diverse when Chloro-
phyta rather than cyanobacteria were dominant. Si-
milar algal bloom composition is observed during the
summer in ponds in west-central Alabama, but cya-
nobacteria can comprise 450% of the algal popula-
tion (Brown & Boyd 1982; Armstrong, Boyd & Lovell
1986). Cyanobacteria comprise 55^85% of the phyto-
plankton population during the summer in Missis-
sippi cat¢sh ponds (Tucker & Lloyd 1984; Tucker &
van der Ploeg 1993). Source water for ponds has a
low total alkalinity (o20mg L1 as CaCO3) in Au-
burn, Alabama, moderate total alkalinity (48^
75mg L1 as CaCO3) in west-central Alabama, and
moderately high total alkalinity (250^350mg L1 as
CaCO3) in Mississippi.
Phytoplankton biomass can be regulated through
bottom-up or top-down processes (McQueen, Post &
Mills1986). In bottom-up control, the biomass of each
successive trophic level is dependent upon the bio-
mass of the trophic level that immediately precedes
it. Reduction in exogenous nutrient loading, speci¢-
cally phosphorus addition, is an example of bottom-
up control. However, restriction of nutrient inputs is
an approach incompatible with intensively managed
aquaculture ponds. In top-down control, a consumer
at a superior trophic level controls the biomass of the
trophic level immediately inferior to it. One approach
to top-down control, known as biomanipulation the-
ory, involves reducing the biomass of zooplanktivor-
ous ¢sh, which increases the abundance of large
cladoceran zooplankton that reduce the phytoplank-
ton biomass through grazing (Shapiro, Lamarra &
Lynch1975). The trophic cascade theory, another ap-
proach to top-down control, predicts that the impact
of a consumer will cascade to trophic levels lower
than the one it impacts directly (Carpenter, Kitchell
& Hodgson1985). Biomanipulationas a tool to reduce
phytoplankton biomass in lakes continues to be re-
searched (Lammens, Gulati, Meijer & van Donk
1990; Hansson, Annadotter, Bergman, Hamrin,
Jeppesen, Kairesalo, Luokkanen, Nilsson, Snder-
gaard & Strand1998; Sierp, Qin & Recknagel 2009).
Use of a planktivorous ¢sh to reduce algae biomass
in aquaculture ponds is of limited success and has
only been attempted in channel cat¢sh ponds only
several times (Smith 1988). The mean chlorophyll a
concentration did not di¡er signi¢cantly in ponds
stocked with channel cat¢sh in a single-batch cul-
ture with andwithout thread¢n shad (Dorosoma pete-
nense Gˇther, 1867), likely because feed nutrients
sustained high algal productivity (Lo Giudice, Bayne
& Popma 2004). Compared with channel cat¢sh in
monoculture, co-stocking blue tilapia (Oreochromis
aureus Steindachner, 1864) with channel cat¢sh sig-
ni¢cantly reduced zooplankton biomass but did not
a¡ect phytoplankton biomass (chlorophyll a concen-
tration; Torrans & Lowell 1987). In contrast, the
mean chlorophyll a concentration was signi¢cantly
higher in ponds co-stocked with channel cat¢sh,
channel  blue (Ictalurus furcatus Lesueur,1840) hy-
brid cat¢sh and a planktivorous ¢sh compared with
ponds with cat¢sh only (Burke & Bayne1986; Burke,
Bayne & Rea 1986). Planktivorous ¢sh tested were
paddle¢sh (Polyodon spathulaWalbaum, 1792), silver
carp (Hypophthalmichthys molitrix Valenciennes,
1844) or bighead carp (Hepatica nobilis Richardson,
1845).The observed increase in chlorophyll a concen-
tration in these studies was attributed to a reduction
in zooplankton biomass by planktivorous ¢sh preda-
tion, which allowed phytoplankton biomass to
increase.
Although attempts to reduce phytoplankton bio-
mass in channel cat¢sh ponds by co-stocking a plan-
tivorous ¢sh yielded mixed results, the co-stocked
¢sh may alter the phytoplankton community struc-
ture and water quality in ways that could be bene¢-
cial. Lo Giudice et al. (2004) found that in ponds
stocked with channel cat¢sh in a single-batch cul-
ture the presence of thread¢n shad resulted in signif-
icantly greater phytoplankton density, more taxa and
smaller organisms. Additionally, they found that the
mean total ammonia, nitrogen concentration was
signi¢cantly lower in ponds stocked with thread¢n
shad. Manychannel cat¢sh farmers inwest Alabama
co-stock thread¢n shad in their productionponds be-
cause they believe that doing so improves water qual-
ity (G. Whitis, Auburn University, pers. comm.).
However, there are no reports in the scienti¢c litera-
ture on the impact of thread¢n shad on plankton
communities in multiple-batch channel cat¢sh
ponds or in ponds with moderate total alkalinity and
hardness.
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The objective of the present study was to deter-
mine the impact of thread¢n shad on plankton com-
munities in ponds with moderate total alkalinity
water and stocked with channel cat¢sh in multiple-
batch production at rates that approximate ¢sh
biomass in commercial ponds at the start of the
production season.
Materials and methods
Twelve 0.1ha earthen ponds located on theAquacul-
ture Research Station, University of Arkansas at Pine
Blu¡, were used for this completely randomized de-
sign experiment in a 2  2 factorial arrangement.
The factors were thread¢n (presence or absence)
shad and feeding frequency (daily or every third
day). Ponds were treated with agricultural limestone
(250 mesh, 1120 kg ha1) and then ¢lled with
ground water (total alkalinity552mg L1 as
CaCO3; total hardness598mg L
1 as CaCO3) in
mid-March, and a fertilization programme adapted
from Ludwig, Stone and Collins (1998) was initiated.
Cottonseed meal and 19^19^19 granular fertilizer,
respectively, were added to each pond at 280 and
26 kgha1 on 18 March, at 112 and 13 kg ha1 on
25 March, at 28 and 6.5 kg ha1 on 8 April and 22
April, at 56 and 13 kg ha1 on 29 April and at 56
and 6.5 kg ha1 on 8 May. The 19^19^19 fertilizer
was dissolved in pond water before application.
Six of the ponds were randomly selected and were
stocked incrementally from 22 April to15May with a
total of 449  43 kg ha1 (mean  SD) of pre-
spawn, adult thread¢n shad (here after referred to
as shad when referring to our data). Poststocking
mortality was observed in all ponds, especially after
stocking the initial load of ¢sh into ponds on 22^24
April. The initial load accounted for 56^70% of the
total biomass of shad stocked. Low shad mortality
was observed when the remaining loads of the ¢sh
were stocked because of improved transport and
handling. The total recorded poststocking mortality
of shadwas 45  29 kg ha1.Thus, the estimated in-
itial shad biomass was 404  20 kg ha1. At stock-
ing, shad averaged 5.0 g and 7.8 cm total length.
Stocking shad early was performed early to allow
time for spawning.
All ponds were stocked from 29May to 6 Junewith
channel cat¢sh at 5040 and 418 kg ha1 for stocker
and ¢ngerling cat¢sh respectively. Stockerand ¢nger-
ling cat¢sh averaged 350 and 28 g ¢sh1, respec-
tively, at stocking. Cat¢sh were o¡ered 32% protein
£oating extruded feed either daily or every third day.
The feed treatment was assigned randomly to ponds
with and without shad. Cat¢sh were fed to apparent
satiation (20-min period) at each feeding. During the
experiment, cat¢shwere fed a total of119 and 43 days
in the daily and every third-day feed treatments re-
spectively. Because of disease outbreaks or sampling
and harvesting activities, 20 days of feeding were
missed in ponds fed daily and 5 days of feeding were
missed in ponds fed every third day. The mean totals
of12453 and 4704 kg ha1of feed were fed to cat¢sh
in the daily and every third-day feed treatments,
respectively, during the 144 day cat¢sh culture
period. The mean daily feed rates were 104 and
112 kg ha1day1 for the daily and every third-day
feed treatments, respectively, and the respective max-
imum daily feed rates were 233 and 200 kgha1
day1.
Pond dissolved oxygen (DO) concentration and
temperature were monitored daily through June in
the morning (ca. 07:00 hours) and afternoon (ca.
14:00 hours) using a DO meter (Model 550A,Yellow
Springs Instruments, Yellow Springs, OH, USA) and
continuously beginning in July by a galvanic oxygen
sensor and thermistor connected to a datalogger
(Model CR205, Campbell Scienti¢c, Logan, UT, USA).
An electric paddlewheel aerator (0.373 kW) operated
nightly in ponds fromApril to June, and beginning in
July was activated by the datalogger when the pond
DO concentration declined below 3.5mg L1.
A 1.27 cm square mesh seine, the smallest mesh
size available to us, was used initially to harvest ¢sh
from ponds from 20 to 23 October. However, hun-
dreds of shad became gilled in the seine net during
each of the ¢rst two seine hauls attempted. The time
required to remove the gilled shadmanually from the
seine jeopardized the survival of the landed cat¢sh.
Manual removal of gilled shad often resulted in phy-
sical mutilation of the ¢sh, which limited the data
that could be collected. Thus, we decided to complete
the harvest using a 2.54 cm square mesh seine,
throughwhich shad passed. In doing this, it was pos-
sible to recover only a portion of the shad population
in the pond. Each pondwas drained and scrapped fol-
lowing seining. Means 25.7 and 21.8 kg ha1of shad
were recovered at harvest from shad-daily feed and
shad-every third-day feed treatment ponds respec-
tively.We observed shad (ca. 2.5^15.0 cm TL) trapped
in the mud of all shad ponds at draining and esti-
mated that their relative abundance was common.
An unknown number of shad were trapped in the
pond mud, but not visible. Thus, we were unable to
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quantify the total shad biomass at harvest. Cat¢sh
production data were reported separately (Green,
Perschbacher & Ludwig 2009).
Pond water samples were analysed weekly for
chlorophyll a using the chloroform^methanol ex-
traction method (Lloyd & Tucker 1988). A minimum
of four 90 cm water column samples (Boyd 1979)
were collected per pond, pooled and a 0.5 L sub-sam-
ple was taken for analysis.Water samples were stored
on ice in an opaque cooler until analysis, which be-
ganwithin 2 h of sample collection.
Pond phytoplankton samples were enumerated on
a weekly to biweekly basis. A 100mL aliquot was ta-
ken from thewater sample collected for chlorophyll a,
¢xed with Lugol’s solution and sedimented in a
100mL graduated cylinder for 1 week (Clesceri,
Greenberg & Eaton 1998). If surface £oating algae
were encountered, detergent was added to facilitate
settling. The upper 50^65mLwas decanted from the
graduated cylinder and the settled algae were pre-
served with formalin. Identi¢cation and counting
was performed on a1mL sample in a Sedgwick^Raf-
ter counting cell using  150 magni¢cation and a
Whipple grid. The numbers of unicells, colonies and
trichomes were counted in 10 grids per cell in all
quadrants. Phytoplankton identi¢cation was to gen-
era, with the exception of Cyanobacteria, whichwere
identi¢ed to species based on the descriptions pro-
vided in Cocke (1967) with additional reference to De-
sikachary (1959). Based on the counts and the ¢nal
volume, phytoplankton numbers per millilitre were
determined.
Pond zooplankton populations were sampled at 2^
4-week intervals from 21 April to 15 October. Zoo-
plankton samples were collected in the morning in
each pond by slowly lifting an 80 mm Wisconsin
plankton net through avertical distance that encom-
passed 10 L of water. This procedure was followed
three times on three sides of the pond.The three sam-
ples were combined into a single sample jar and pre-
served in 70% isopropyl alcohol. Major categories of
zooplankton (cladocerans, copepods, copepod nau-
plii, rotifers) were identi¢ed and counted using a
 40^100 microscope and a 1mL Sedgwick^Rafter
counting cell.
Datasets were analysed using the generalized line-
ar mixed models and the mixed models procedures of
SAS version 9.1 (SAS Institute, Cary, NC, USA). In the
statistical models, individual plankton group or
chlorophyll a concentration was the dependent vari-
able and the presence of shad and feeding frequency
were the independent variables and pond was a
random e¡ect. Data were analysed for the entire ex-
periment and by season because we observed a shift
in community structure around 1 July. In the latter
data analyses, a dummy variable (season) was de-
¢ned to identify the early and late seasons, before
and after1 July respectively. Phytoplankton and zoo-
plankton count data were log10-transformed for data
analysis because of the highvariabilityamong indivi-
dual data points and to ensure that the residuals met
the assumptions of the analysis; the constant,1, was
added to each data point before log10-transformation
to ensure that the transformationwas de¢ned. Di¡er-
ences were considered to be signi¢cant at a50.05.
Results
Zooplankton population compositionvaried through-
out the season, and treatment e¡ects were evident
(Figs1and 2). Mean abundance (number L1) of roti-
fers, cladocerans, copepods and nauplii over the
course of the entire experiment was signi¢cantly
lower in shad ponds, but was not a¡ected by the feed-
ing frequency. The shad  feeding frequency treat-
ment interaction was signi¢cant only for rotifers;
rotifer abundance in ponds where ¢sh were fed daily
was signi¢cantly greater in ponds without shad, but
was not a¡ected by the presence of shad in ponds
where ¢shwere fed every third day.
The mean zooplankton counts during both sea-
sons were a¡ected by the presence of thread¢n shad,
but not by the feeding frequency (Table1). There was
a signi¢cant treatment interaction only for rotifer
abundance during the late season; the feeding fre-
quency in shad ponds did not a¡ect the mean rotifer
abundance, whereas in ponds without shad rotifer
abundance was signi¢cantly greater where ¢sh were
fed daily.
The chlorophyll a concentration in ponds in-
creased rapidly soon after feeding of cat¢sh was in-
itiated (Fig. 3). The chlorophyll a concentration over
the entire experiment was not a¡ected by shad, and
averaged 202 and 222mgm3 where shadwere pre-
sent or absent respectively. The feeding frequency af-
fected the chlorophyll a concentration signi¢cantly,
which averaged 242 and 181mgm3 where feed
was o¡ered daily or every third day respectively.
There was a signi¢cant treatment interaction for the
mean chlorophyll a concentration: the mean chloro-
phyll a concentration in shad ponds did not di¡er
with feeding frequency, whereas in ponds without
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shad mean chlorophyll a concentration was signi¢-
cantly greater when ¢shwere fed daily.
The mean chlorophyll a concentration during the
early (April^June) season was signi¢cantly greater
in ponds with shad (203mgm3) than in ponds
without shad (139mgm3), but did not di¡er be-
tween feeding frequencies (Table 1). The presence of
shad did not a¡ect the chlorophyll a concentration
signi¢cantly where ¢sh were fed daily, but did so
where ¢sh were fed every third day. During the late
(July^October) season, the mean chlorophyll a con-
centrationwas signi¢cantly greater in ponds without
shad (293mgm3) compared with those with shad
(201mgm3), and in ponds where ¢shwere fed daily
(288mgm3) compared with every third day
(205mgm3; Table 1). The mean chlorophyll a con-
centration in shad ponds did not di¡er between the
daily and every third-day feed treatments, and in
ponds without shad was signi¢cantly greater when
¢shwere fed daily.
Phytoplankton population composition varied
throughout the season (Fig. 4), and treatment e¡ects
were detected for the entire season.The counts of cy-
anobacteria colonies and trichomes were signi¢-
cantly greater in ponds without shad, whereas the
counts of Cryptophyta, Bacillariophyta, Chlorophyta
colonies and Euglenophytawere signi¢cantly greater
in shad ponds. Only the Chlorophyta colony and Eu-
glenophyta counts di¡ered in response to feeding fre-
quency and were signi¢cantly greater in the daily
feed treatment. No signi¢cant interaction between
main e¡ects was detected for any taxonomic group.
Phytoplankton counts were a¡ected more by the
presence of thread¢n shad thanby feeding frequency.
Treatment e¡ects during the early season were ob-
served only for a small number of taxonomic groups
(Table 1). Chlorophyta colony, Euglenophyta and
Cryptophyta counts were signi¢cantly greater in
shad ponds. During the late season, cyanobacteria
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Figure 1 Mean zooplankton counts by a major group in a multiple-batch channel cat¢sh ponds where ¢sh are fed daily
and thread¢n shad are present or absent. Day 22 corresponds to 31March, the date on which ¢lling of ponds was com-
pleted. Day 0 corresponds to 22 April, the date onwhich thread¢n shadwere stocked in ponds. Cat¢shwere stocked on 29
May (day 38).
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had signi¢cantly higher counts in ponds without
shad. In ponds with shad, Bacillariophyta counts
were signi¢cantly higher, and counts of Chlorophyta
colonies and Euglenophytawere signi¢cantly greater
in the daily feed treatment ponds.
Cyanobacteria known to produce o¡-£avour com-
pounds were identi¢ed in low numbers in ponds
(Fig. 4). The mean counts of Anabaena spp. during
the early season were 1 and 2mL1 in ponds with
and without shad, respectively, and 2 and1mL1 in
ponds where ¢shwere fed daily or every third day re-
spectively. NoAnabaena spp. were detected during the
late season. There were no signi¢cant treatment ef-
fects or interaction during either season. Anabaena
circinalis counts in ponds with and without shad, re-
spectively, averaged 0 and1mL1and 0 and 5mL1
during the early and late seasons respectively. In
ponds where ¢shwere fed daily or every third day, re-
spectively, the mean counts were1 and 3mL1 dur-
ing the late season; A. circinalis was not detected
during the early season. No treatment e¡ects or inter-
action were noted. Planktothrix peronata (Oscillatoria
cf. chalybea) were detected onlyduring the late season
and counts averaged 0 and 53mL1 in ponds with
and without shad, respectively, and 10 and 5mL1
in ponds where ¢sh were fed daily or every third day
respectively. The mean counts di¡ered signi¢cantly
only for the shad treatment.
The mean daily DO concentration during the late
season was not a¡ected by the presence of thread¢n
shad (mean54.8mg L1), but was signi¢cantly low-
er in ponds where ¢sh were fed daily (4.3mg L1)
compared with every third day (5.2mg L1). The in-
teraction between main e¡ects was not signi¢cant.
In contrast, the mean daily minimum DO concentra-
tion was signi¢cantly lower in ponds without shad
(2.7mg L1) compared with ponds with shad
(3.1mg L1), and signi¢cantly lower in ponds where
¢shwere fed daily (2.5mg L1) compared with every



























































































































Figure 2 Mean zooplankton counts by major group in a multiple-batch channel cat¢sh ponds where ¢sh are fed every
third dayand thread¢n shad are present or absent. Day 22 corresponds to 31March, the date onwhich ¢lling of ponds was
completed. Day 0 corresponds to 22 April, the date onwhich thread¢n shad were stocked in ponds. Cat¢sh were stocked
on 29 May (day 38).
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Table 1 Least squares means and pooled SE for chlorophyll a concentration (mgm3), and back-transformed (anti-log10) phytoplankton (numbermL
1) and zooplankton (number L1)
abundance for main e¡ects and interaction during theApril^June (early) and July^October (late) periods of a177-day experiment in 0.1ha earthen ponds where channel cat¢sh in multiple-
batch culture were fed daily or every third day and thread¢n shad were present or absent. Pooled SE for phytoplankton and zooplankton data are not back-transformed and P values are for





April^June July^October April^June July^October April^June July^October April^June July^October
Threadfin shad
Present Daily 185 ab 203 b 1.3 a 0.2 a 1.1 a 0.2 b 101 a 7 b
Present Third day 220 a 199 b 0.0 a 0.0 a 0.3 a 0.0 b 467 a 4 b
Absent Daily 192 ab 374 a 0.5 a 0.0 a 0.3 a 38.1 a 126 a 6523 a
Absent Third day 86 b 212 b 0.7 a 0.2 a 0.0 a 21.4 a 38 a 1249 a
Pooled SE 32 35 0.12 0.06 0.12 0.24 0.48 0.18
Main effects means
Threadfin shad
Present 203 201 0.5 0.1 0.6 0.1 218 5
Absent 139 293 0.6 0.1 0.1 28.6 69 2854
Feed
Daily 188 288 0.8 0.1 0.6 5.9 113 224
Third day 153 205 0.3 0.1 0.1 3.7 134 78
Pooled SE 23 25 0.09 0.04 0.09 0.17 0.34 0.13
ANOVA, P4F
Threadfin shad 0.049 0.009 0.868 0.910 0.226 o0.001 0.310 o0.001
Feed 0.276 0.018 0.246 0.910 0.175 0.508 0.876 0.015





April^June July^October April^June July^October April^June July^October April^June July^October
Threadfin shad
Present Daily 38 a 339 a 22 a 3 b 165 a 55 a 897 a 359 a
Present Third day 85 a 498 a 13 a 5 b 90 a 29 b 346 a 47 b
Absent Daily 33 a 33 b 12 a 32 a 6 b 67 a 183 b 202 a
Absent Third day 23 a 28 b 8 a 41 a 5 b 5 b 72 b 78 b






























































April^June July^October April^June July^October April^June July^October April^June July^October
Main effects means
Threadfin shad
Present 57 411 17 4 122 40 557 130
Absent 27 30 10 36 6 20 115 126
Feed
Daily 35 106 16 11 34 61 406 269
Third day 44 120 11 15 22 12 158 61
Pooled SE 0.22 0.25 0.21 0.27 0.15 0.17 0.17 0.16
ANOVA, P4F
Threadfin shad 0.309 0.002 0.457 0.024 o0.001 0.226 0.007 0.947
Feed 0.761 0.883 0.569 0.753 0.412 0.008 0.100 0.006
Threadfin shad  feed 0.426 0.744 0.890 0.960 0.703 0.119 0.985 0.301
Feed
Cryptophyta Rotifers Cladocerans Copepods Nauplii
April^June July^October April^June July^October April^June July^October April^June July^October April^June July^October
Threadfin shad
Present Daily 12 a 0 a 454 a 108 c 7 b 3 b 32 b 7 b 200 b 57 b
Present Third day 9 a 0 a 508 a 142 c 9 b 6 b 27 b 6 b 246 b 49 b
Absent Daily 1 b 0 a 566 a 1518 a 214 a 652 a 186 a 124 a 431 a 713 a
Absent Third day 1 b 0 a 328 a 566 b 108 a 257 a 154 a 106 a 413 a 367 a
Pooled SE 0.22 0.04 0.17 0.10 0.40 0.19 0.23 0.18 0.10 0.13
Main effects means
Threadfin shad
Present 11 0 480 124 8 4 28 7 222 53
Absent 1 0 431 841 152 410 169 115 422 512
Feed
Daily 4 0 507 406 41 49 76 31 294 202
Third day 3 0 408 257 32 41 64 27 319 135
Pooled SE 0.16 0.03 0.12 0.08 0.28 0.13 0.16 0.13 0.07 0.09
ANOVA, P4F
Threadfin shad 0.006 0.321 0.444 o0.001 0.003 o0.001 0.002 o0.001 0.005 o0.001
Feed 0.621 0.321 0.571 0.063 0.791 0.662 0.754 0.729 0.718 0.173
Threadfin shad  feed 0.972 0.321 0.390 0.004 0.639 0.099 0.966 0.998 0.581 0.371
Means in columns followed by the same letter do not di¡er signi¢cantly.

























































daily, the mean minimum DO was signi¢cantly high-
er lower where shad were absent (2.1mg L1) com-
pared with present (2.9mg L1). The mean daily
minimum DO concentration in ponds where ¢sh
were fed every third day did not di¡er with shad pre-
sence or absence and averaged 3.3 and 3.3mg L1
respectively. The mean daily minimum DO concen-
tration decreased as mean chlorophyll a concentra-
tion increased (R2 50.578). No relationship was
observed between themeandaily DOand chlorophyll
a. Signi¢cantly more total hours of nightly aeration
were required during the late season in ponds
where ¢sh were fed daily (451h) compared with
every third day (204 h). The total hours of nightly
aeration were not a¡ected by the presence of
shad (mean5328 h) and there was no interaction
between the main e¡ects. Early season DO concen-
trations were not analysed statistically because
the two daily readings were not taken at precisely
the same time each day.
Discussion
The impact of thread¢n shad on the phytoplankton
and zooplankton populations in the present experi-
ment was expressed di¡erentially and was greater
during the late season (after 1 July). Feeding fre-
quency, i.e., nutrient input, was of secondary impor-
tance to plankton population dynamics.
The survival of larval thread¢n shad is positively
correlated with the water temperature at hatching
over the range 17^28 1C, with survival uniformly
high (480%) at water temperature 424 1C when
prey density (rotifers and copepod nauplii) exceeds
160 organisms L1 (Betsill & Van Den Avyle 1997).
Thread¢n shad are known to spawn in ponds and re-
servoirs fromMay toAugust (Swingle1969; Kuklinski
2006). In the present experiment, water temperature
was  20 1C in late April when thread¢n shad were
stocked and averaged 30.1and 30.2 1C in Julyand Au-
gust respectively. The mean water temperature ran-
ged from 26 to 27 1C during the second and
third weeks of June, and the mean abundance of
rotifers and copepod nauplii both exceeded
160 organisms L1during this period.
Thread¢n shad reduced the early season mean
abundance of all major zooplankton groups except
rotifers and this suppression extended to all major
groups throughout the late season. The impact of
thread¢n shad on zooplankton populations was ap-
parent within1^2 weeks of stocking. The substantial
reduction we observed in zooplankton abundance
corresponded closely to the expected peak in thread-
¢n shad spawning during May and June. Our results
concur with those of Guest, Drenner,Threlkeld, Mar-
tin and Smith (1990), who found that zooplankton
abundance declined during the period thread¢n
shad were spawning and remained low during the
postspawning period.
Thread¢n shad essentially suppress cladoceran
and copepod zooplankton, substantially reduce co-
pepod nauplii abundance, and moderately reduce ro-
tifer abundance (Guest et al. 1990; Baca & Drenner
1995). Feeding frequency did not a¡ect zooplankton
abundance in the present experiment. Only during
the late season did we detect a signi¢cant interaction
between the main e¡ects, but only for rotifer abun-
dance. This nutrient-related interaction resulted
from the signi¢cantly higher chlorophyll a concen-
tration in ponds without shad where ¢sh were fed
daily compared with every third day. Baca and Dren-
ner (1995) found that the abundance of all major zoo-
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Figure 3 Mean chlorophyll a concentrations in ponds
where channel cat¢sh in a multiple-batch culture are fed
daily (above) or every third day (below) and thread¢n shad
are present or absent. Day 0 corresponds to 22 April, the
date on which thread¢n shad were stocked in ponds. Cat-
¢shwere stocked on 29 May (day 38).
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compared with low phosphorus addition treatments
in the absence of thread¢n shad, and the observed
treatment interaction for cladocerans and copepods
resulted from their greater abundance in the high-
phosphorus no-shad treatment. Our waters were
considerably more eutrophic, based on chlorophyll a
concentration, than those of Baca and Drenner
(1995).
The mean chlorophyll a concentration over the en-
tire experiment was una¡ected by thread¢n shad.
Once channel cat¢sh were stocked into ponds, chlor-
ophyll a concentrations remained high, likely in re-
sponse to regular nutrient inputs as feed. The
signi¢cantly greater chlorophyll a concentration in
ponds fed daily compared with every third day was
expected. However, it was more meaningful to evalu-
ate chlorophyll a concentration before and after1July
(early and late seasons) because of the incremental
e¡ect of shad and increasing daily feed ration. During
the early season, the signi¢cant shad  feeding fre-
quency interaction showed that the main e¡ects
were not independent. Nutrient input in ponds where
¢sh were fed daily was su⁄cient to mitigate the im-
pact of thread¢n shad. However, when ¢sh were
fed every third day, nutrient input was lower and
shad predation of zooplankton resulted in increased
phytoplankton biomass. This is consistent with the
biomanipulation theory (Shapiro et al. 1975), but be-
cause we did not measure zooplankton size we are
unable to determine the relative role of zooplankton
grazing and nutrient regeneration by thread¢n shad.
The signi¢cant shad  feeding frequency interac-
tion for chlorophyll a concentration during the late
season showed that the main e¡ects were not inde-
pendent. In ponds where ¢sh were fed every third
day, chlorophyll a concentration was not a¡ected by
thread¢n shad, whereas when ¢sh were fed daily
chlorophyll a concentration was greater in ponds
without shad. The signi¢cant reduction in chloro-
phyll a concentration in the presence of thread¢n
shad was in contrast to the outcomes predicted by
the biomanipulation or trophic cascade theories.
The bottom-up:top-down model (McQueen et al.
1986) may explain what we observed in these eu-
trophic ponds, but we lack data on the zooplankton
biomass and nutrient concentrations needed to apply
this model. Another explanation was that nuisance
genera of cyanobacteria predominated in ponds
without shad and Bacillariophyceae predominated
in ponds with shad during the late season. Colonial
and ¢lamentous cyanobacteria have a higher chloro-
phyll a content than smaller unicellular algae. Lo
Figure 4 Mean phytoplankton population composition by functional group in ponds where channel cat¢sh in a multi-
ple-batch culture are fed daily or every third day and thread¢n shad are present (above) or absent (below). Day 0 corre-
sponds to 22 April, the date onwhich thread¢n shad were stocked in ponds. Cat¢shwere stocked on 29 May (day 38).
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Giudice et al. (2004) reported that the mean chloro-
phyll a concentration did not di¡er signi¢cantly in
ponds stocked with channel cat¢sh in a single-batch
culture with and without thread¢n shad, likely be-
cause feed nutrients sustained high algal productiv-
ity. Similarly, Baca and Drenner (1995) found that
with high phosphorus addition, the chlorophyll a
concentration was not a¡ected by the presence of
thread¢n shad.
Phytoplankton community composition shifted
from cyanobacteria to Bacilliophyceae dominance
and the total phytoplankton count was reduced sig-
ni¢cantly by the presence of thread¢n shad. Anabae-
na, Aphanizomenon, Oscillatoria and Microcystis are
among a subset of cyanobacterial genera responsible
for nuisance algal blooms in aquaculture ponds
(Paerl & Tucker 1995) and are poorly assimilated by
zooplankton (Paerl 1988). During the late season,
these genera comprised 53^60% of the total phyto-
plankton abundance in ponds without thread¢n
shad, whereas they comprised 2^3% of the total phy-
toplankton abundance in ponds with shad. Oscilla-
toria was the predominant nuisance algal bloom
genera in our ponds and is common during the sum-
mer in commercial cat¢sh ponds in Mississippi
(Tucker & Lloyd 1984; van der Ploeg & Tucker 1993).
O¡-£avour producing cyanobacteriawere included in
the overall reduction in cyanobacteria observed in
ponds with shad.While the abundance of o¡-£avour
producing cyanobacteria was low in all treatments
throughout the experiment, we did not quantify
geosmin or 2-methylisoborneol in ¢sh; this should
be done in future experiments.Thread¢n shad preda-
tion during the present experiment reduced zoo-
plankton numbers and the reduced zooplankton
grazing pressure on smaller phytoplankters allowed
the shift in phytoplankton community structure. Re-
duction in the zooplankton by planktivore grazing
can change the phytoplankton community structure
butmay not necessarily reduce chlorophyll a concen-
tration (e.g., Drenner, Taylor, Lazzaro & Kettle 1984;
Drenner,Threlkeld &McCracken1986; Lazzaro, Dren-
ner, Stein & smith1992; Ramcharan, France &McQu-
een1996).
In a study where thread¢n shad were co-stocked
with channel cat¢sh in a single-batch culture, Lo
Giudice et al. (2004) reported that dominance of the
phytoplankton community was unaltered by the pre-
sence of thread¢n shad and remained at 62^67%
Chlorophyta and 17^20% cyanobacteria in the
treatment and control ponds. They also found that
the phytoplankton density and number of genera
increased signi¢cantly and the greatest axial linear
diameter of phytoplankton decreased signi¢cantly
when thread¢n shad were present. The di¡erence be-
tween our results and those of Lo Giudice et al. (2004)
likely relate to the production system and the total
feed application as well as the geographical di¡er-
ences observed by Hariyadi et al. (1994). We used a
multiple-batch production system and our mean in-
itial ¢sh biomass (5458 kg ha1) and total feed appli-
cation (12453 kgha1) exceeded the mean channel
cat¢sh production (4781kg ha1) and total feed ap-
plication (6375 kgha1) reported by Lo Giudice et al.
(2004). Phytoplankton biomass, as indicated by
chlorophyll a concentration, increased to high levels
soonafter channel cat¢shwere stocked in the present
experiment because of high feeding rates. The initial
feeding rates in Lo Giudice et al. (2004) likely were
low because the initial channel cat¢sh biomass was
low (136 kg ha1). Consequently, phytoplankton bio-
mass, as indicated by chlorophyll a concentration, in-
creased slowly and phytoplankton population
dynamics in their ponds would be expected to di¡er
from those observed in the present experiment.
High feeding rates in cat¢sh ponds during the
summer cause high phytoplankton biomass, which
often results in lowearlymorning DO concentrations
despite the use of mechanical aeration (Hargreaves &
Steeby 1999). The signi¢cant treatment interaction
for the minimum daily DO concentration was an-
other manifestation of the e¡ect of thread¢n shad in
pondswhere ¢shwere fed daily.The high phytoplank-
ton biomass in ponds without shad where ¢sh were
fed daily was dominated by nuisance bloom genera
of cyanobacteria, which are known to be less e⁄cient
oxygenproducers (Paerl & Tucker1995). Channel cat-
¢sh growth is a¡ected negatively by the minimum
DO concentration they experience on a daily basis
(Torrans 2008). However, the improvement in the
DO regime in ponds with shad where ¢sh were fed
daily did not translate into improved net ¢sh yield
(Green et al. 2009).
In summary, thread¢n shad, at the stocking rate
used in this experiment, reduced zooplankton abun-
dance. The reduction in zooplankton grazing of phy-
toplankton caused the phytoplankton population
composition to shift from dominance by nuisance
bloom genera of cyanobacteria to Bacillariophyceae
after1July. Chlorophyll a concentrationwas reduced,
but ponds remained eutrophic. Additional research
on the e¡ect of thread¢n shad stocking rate onphyto-
plankton population composition and geosmin and
MIB concentrations is needed and may provide a
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management strategy for managing nuisance bloom
genera of cyanobacteria in channel cat¢sh ponds.
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